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Abstract 
Evolutionarily widespread, functionally and structurally diverse and still largely unexplored, 
Kelch proteins, characterized by the presence of a conserved C-terminal β-propeller, are 
implicated in a number of diverse fundamental biological functions, including cytoskeletal 
arrangement, regulation of cell morphology and organization, and protein degradation. 
Mutations in the genes encoding for Kelch superfamily members are being discovered as 
the cause of several neuromuscular diseases and cancer. The E528K mutation in Kelch 
protein KLHL40, which regulates skeletal muscle myogenesis, has been identified as a 
frequent cause of severe autosomal-recessive nemaline myopathy (NM). We use all-
atoms molecular dynamics simulations to characterize the dynamic behaviour of the β-
propeller of the wild-type protein and identify correlated motions underlying the in vivo 
functionality. We also modelled the NM-associated mutation and we found that it does not 
lead to dramatic disruption of the β-propeller architecture; yet, residue 528 is a hub in the 
correlated motions of the domain, and mutation-induced local structural alterations are 
propagated to the whole protein, affecting its dynamics and physico-chemical properties, 
which are fundamental for in vivo interaction with partners. Our results indicate that 
rational design of drugs can be envisioned as a strategy for restoring the proper internal 
network of communication and resetting KLHL40 to its physiological state. 
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Introduction 
 
The Kelch superfamily encompasses a large number of proteins, displaying high diversity 
in terms of structure, biological role and host, but all invariably featuring a Kelch-repeat 
domain, which is composed by a series of consecutive Kelch motifs1,2.  The Kelch motif 
can be identified at the sequence level: it ranges between 44 and 56 aminoacids in length, 
and it exhibits low sequence identity across the diverse genes, apart from the conserved 
signature motif composed by four hydrophobic residues, followed by two Gly, one Tyr and 
one Trp.3 At the structure level, each Kelch motif folds into a 4-stranded antiparallel β-
sheet;1,3 the Kelch repeats arrange themselves into a β-propeller, with each motif forming 
one of the “blades” of the propeller itself.  The Kelch superfamily is therefore hallmarked by 
the presence of the β-propeller tertiary structure, but can be divided into three different 
subfamilies, namely KLHL, KBTBD and KLHDC, depending on the presence of different 
additional domains and on their organization into the mature protein structure:1 in KLHL 
members, the C-terminal Kelch repeats (their number typically ranging from five to seven) 
are preceded by an N-terminal BACK domain and a BTB one,4,5 which is instead absent in 
KBTBD. KLDHC subfamily members usually lack both BTB and BACK: in some cases, 
they only feature the Kelch propeller, whereas in other cases they might also be formed by 
other domains.  
The Kelch superfamily in humans encompasses 63 proteins.1 Although the molecular 
details of the role of each of these proteins are still completely lacking or incomplete for 
most of them, a common role of Kelch proteins as substrate adaptors in the ubiquitination 
process is now recognized.6–10 The ubiquitin-proteasome system is responsible for the 
control of protein turnover: Kelch proteins play a crucial role in it, by organizing and 
adapting the multimolecular complex between the enzyme Cullin3-dependent E3 
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ubiquitination ligase and the substrate that needs to be ubiquitinated, and then degraded 
by the proteasome machinery.11,12 In particular, the β-propeller serves as a substrate 
recognition domain, with each Kelch repeat domain binding a wide and diverse range of 
substrates. 
Kelch proteins have been gaining increasing attention in the last few years, with a growing 
body of evidence indicating the emerging role in the development (and, in case of 
mutations or malfunctioning, to diseases of) the skeletal muscle.1 One of the pathologies 
that have been associated with mutations in Kelch proteins is nemaline myopathy (NM), a 
rare form of congenital myopathy, characterized by muscle weakness and nemaline 
bodies in affected myofibers.13,14 Many clinical studies have shown that the onset of this 
disorder can occur in infancy, childhood or adulthood, and that family history is consistent 
with an autosomal recessive or autosomal dominant inheritance of the disease, although 
many affected individuals represent single cases attributable to a de novo dominant 
mutation.15,16 While the details of the pathogenesis still represent an open issue, to date 
mutations in nine genes have been associated with NM: six of them code for thin filament 
proteins (the most common disease-causing mutations having been found in the genes 
NEB17 and ACTA1,18–20 which encode for the proteins nebulin and actin), and this finding 
led to the hypothesis that mutations resulting in misfolded or poorly expressed thin filament 
proteins would hamper the ability of the myofiber to generate adequate force during 
contraction.21 The three remaining genes belong to the Kelch superfamily, namely 
KBTBD13,22 KLHL40 (also classified as KBTBD5),13,23,24 and KLHL41,25 and the 
mutations, almost invariably occurring in the β-propeller domain, were demonstrated to 
cause severe autosomal-recessive forms of NM.13 It was reasonable to suggest that the 
three Kelch superfamily proteins would be involved into the regulation of thin filament 
proteins: interestingly, at variance with other Kelch proteins, involved in substrate 
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ubiquitination and degradation, KLHL40, a regulator of skeletal muscle myogenesis,26 was 
recently suggested to have an opposite role, promoting stability of its physiological 
partners nebulin and leiomodin3.23 
The lack of structural details on Kelch proteins and the number and diversity of potential 
physiological partners have limited the identification of molecular determinants either 
common to the whole superfamily or specific to each species. Here, we focus our attention 
on the β-propeller domain of the human KLHL40 member of the Kelch superfamily: using 
the crystal structure7 as a starting point for our molecular modelling, we performed 500 
nanoseconds-long, all-atom explicit solvent molecular dynamics (MD) simulations, to 
investigate the dynamic behaviour of the protein, which is known to determine the in vivo 
functionality of biomolecules.27–32 We then constructed in silico the E528K mutant, which is 
associated with the most widely occurring NM-causing mutation in KLHL40, and 
investigated it by means of MD, comparing it with the wild-type (WT) species. 
To the best of our knowledge, this is one of the first extensive investigations of the 
dynamics/function relationship in human Kelch proteins. Unveiling the conformational 
repertoire sampled by WT KLHL40 and identifying a network of communication between 
its different regions represented a crucial step for shedding light on the molecular 
mechanisms underlying Kelch proteins function. Moreover, it served as the reference 
system to understand how the disease causing mutation drives structural and dynamic 
changes in the system, in terms of alteration of physiologically relevant concerted motions, 
optimal communication pathways and modification of physico-chemical properties that are 
expected to drive the interaction with partners in vivo.  
 
Methods 
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Simulations 
The molecular dynamics simulations were performed using the structure of the Kelch 
domain of Human KLHL40 (PDB ID 4ASC) and introducing the E528K mutation in silico. 
MD simulations were performed using the 4.6.5 version of the GROMACS software 
(www.gromacs.org), implemented on a parallel architecture, using the force field 
Charmm2233,34 with CMAP correction35 was used. We performed all-atom, explicit-solvent, 
MD simulations, employing periodic boundary conditions and each simulation was 
conducted for 0.5 µs. The protein systems were soaked in a dodecahedral box of TIP3P 
water molecules36 with all the protein atoms at a distance equal or greater than 1 nm from 
the box edges and charge-neutralizing counter ions (Na+ and Cl-) were added. Productive 
MD simulations were performed in the NVT ensemble at 300K using the Berendsen 
temperature coupling37. We employed full particle-mesh Ewald electrostatics38 and the 
Van der Waals and Coulomb non-bonded interactions were truncated at 10 Å. We used 
periodic boundary conditions and a 2fs time step using the LINCS algorithm39. The 
systems were initially minimized using steepest descent algorithm over 10000 steps. The 
optimization step was followed by 50 ps of solvent equilibration at 300K, while restraining 
the protein atomic positions using a harmonic potential. Then the systems were annealed 
to 300 K, starting from 50 K, in a 100 ps run. The electrostatic properties of WT and E528K 
mutant were investigated using the APBS software.40 The .pqr input file required to run 
APBS was prepared using PDB 2PQR5.41,42 The electrostatic potential was obtained by 
solving the linearized Poisson−Boltzmann equation (LPBE) at 298.5 K, using dielectric 
constant values of 2 and 78.54 for protein (solute) and solvent, respectively. 
TimeScapes analysis 
We used TimeScapes package, Version 1.343 to identify conformational changes and 
alterations in WT and mutant Kelch domain. To identifying time-dependent contact graphs 
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from distance matrices, TimeScapes employs a contact metric based on higher- order 
generalizations of Delaunay tetrahedralization, techniques (GMD graphs) and a contact 
metric based on distance cutoffs (Cutoff graphs). For the TimeScapes analysis, we used 
the same residue subset used for the PCA, considering all protein atoms. The contact 
metric used to separate contacts/noncontacts between side chains of two aminoacids and 
define the buffer region were set to 7.0 Å (contacts) and 8.0 Å (buffer) for the Cutoff 
graphs and 2 (contacts) and 3 (buffer) edge order for the GMD graphs, using parameters 
as suggested in the literature43. The half width median filter was set to a value of 15 ns.  
Cross correlation analysis 
We performed the calculation of cross correlation considering only the Cα atoms using the 
Bio3D package, version 1.1–4.44 We calculated the cross-correlation coefficient, Cij, for the 
displacement of all Cα atom pairs, i and j, in order to identify protein regions with 
correlated atomic motions. 
	 = 	< ∆ ∙ Δ >	 	⁄ (< Δ
 >< Δ
 >)/ 
where ∆ri is the variation from the mean position of the ith atom calculated from the 
structure in the simulations analyzed.45 
Intramolecular interaction analysis and structural communications 
We here employed PyInteraph46 to investigate non-covalent intramolecular interactions 
and communication between different regions of the proteins and post-processed the data 
with xPyder.47 PyInteraph was used to evaluate the occurrence and persistence of 
hydrogen bonds, hydrophobic interactions and electrostatic interactions between pairs of 
residues during the simulations. The threshold of persistence of a single interaction 
between a pair of atoms during simulation time that was set to 20%, to discard non-
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significant and poorly populated interactions in the ensemble.48 The software represents 
the protein as a simple, weighted graph, composed by nodes, the residues, connected by 
edges, the interactions, whose weights are defined by the persistence of the interaction in 
the MD (i.e. the number of frames in which the interaction was present, over the total 
number of frames). Residues connected by more than 3 edges to other residues49  were 
considered as hubs of the networks. The connected components of the graph were also 
calculated: these are sub-network in which all the nodes are linked by at least one edges, 
but they have no interaction with the rest of the nodes in the global graph.  
 
Results and discussion 
The diversity at both sequence and structure level that can be observed within Kelch 
domains has been suggested to mediate different protein-protein interaction and cofactor 
specificity:7 this is why it is important to describe the structure of KLHL40 by highlighting 
similarities and differences with respect to other members of the same superfamily. The 
six blades of the KLHL40 propeller are composed each by a four-stranded antiparallel β-
sheet. (Figure1) The C-terminal βA strand completes the blade I, whose twisted structure 
makes it peculiar, if compared with that of other Kelch proteins like KEAP1, KLHL2 or 
KLHL7.7 Moreover, KLHL40 has shorter BC loops in blade I (3 residues), and longer BC 
loops in blade II and VI (18 and 20 residues, respectively) than other Kelch proteins. The 
only protein closely paralleling KLHL40 from a structural point of view is KLHL41, another 
Kelch superfamily member that was found mutated in NM-affected patients. 
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 Figure 1. Structure of the human KLHL40 member of the Kelch superfamily. A) upper view and B) 
side view of the β-propeller, here showed as cartoon. The blades are highlighted with colors: blade 
I yellow, blade II green, blade III cyan, blade IV azure, blade V purple, blade VI red. The mutated 
residue Glu528 associated with nemaline myopathy is located in blade V. C) The structural 
architecture of KLHL40 Kelch domain. Each blade is composed by a 4-stranded antiparallel β-
sheet, forming together the β-propeller domain; numbers of the first and last residue of each β-
sheet are provided. 
Fluctuations of solvent exposed BC loops dominate the dynamics of the β-propeller 
domain and drive conformational transitions between minima. 
We first simulated WT KLHL40, using its crystal structure (PDB ID 4ASC)7 as the starting 
point of our simulations. The Kelch domain of KLHL40 displays low root mean square 
displacement (RMSD), showing that the stability of the domain is maintained after the first 
10 ns of simulation time (see Figure S1 in the Electronic Supplementary Information, ESI). 
Moreover, the analysis of secondary structures and their persistence shows that they are 
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strongly conserved during the simulation, also indicating the preservation of the β-propeller 
architecture (Figure S2, ESI).  
We used principal component analysis (PCA) to identify the dominant collective motions at 
the nanoseconds timescale. The first three PCs capture more than 70% of the total of 
atomic positional fluctuations. This finding allows us to state that these PCs describe the 
majority of the fluctuations, and therefore they provide a good representation of the 
conformational space sampled during the whole simulation time. We projected the 
trajectory over the single PCs to identify the motions described by each of them. We firstly 
calculated PCA over all protein atoms: as expected, the terminal regions, and in particular 
the long and disordered C-terminal tail (residues 620-628) undergo large fluctuations, most 
likely unrelated to the protein functionality. We then repeated PCA without the C-terminal 
region, to focus on the dynamics of the rest of the Kelch domain (residues 314-620). To 
identify what protein regions provide the highest contribution to the protein motion with 
highest amplitude, we calculated the RMSF of the main chain atoms along each of the first 
3 PCs. Residues displaying the highest RMSF are those that mostly contribute to each 
PC: they are represented with thicker radius, and coloured in red, in Figure 2A, while 
thinner, blue-coloured residues are those displaying the lower RMSF (and hence minimal 
contribution to the corresponding PC). The analysis points out that the first PCs are 
dominated by motions that principally involve residues in the surface exposed loops BC of 
blade VI, II and III (Figure 2A).  
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 Figure 2.  Dominant motions in the Kelch domain of KLHL40. A) Principal component analysis 
(PCA) to identify principal variable regions in the system. We calculated the projections of the 
simulations on each of the three first PCs and calculated the RMSF to identify the contribution of 
residues to the motions described. The values are represented as shade of colors, from blue  (low 
RMSF values – high contribution to PC- poorly flexible regions) to red (high RMSF values – high 
contribution to PC – very flexible regions). B) TimeScapes analysis of time evolution of dominant 
motions. The grey profile show the global activity (i.e. broken and formed interactions) red and 
green profiles describe the activity associated with broken and formed contacts, respectively. C) 
The regions of the Kelch domain that provide major contributions to the protein activity measured 
by TimeScapes are highlighted with shade of color from white (small contribution) to purple (high 
contribution).  
Moreover, other lower amplitude motions involve BC loops of blades IV and V, CD loop of 
blade II and CD loop of blade VI (Figure 2A). The rest of the core domain is less flexible, 
and we hypothesize that it is important to maintain the stability of the system. To gain an 
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additional characterization of the flexibility of the β-propeller, we calculated the RMSF 
along the whole trajectory. The RMSF profile (Figure S3, ESI) shows that the central β-
sheets and loops in the core region of the domain have relatively low value of RMSF 
(mean values around 1-0.9 Å) further proving that the domain maintains its stability in the 
sampled conformational space. The RMSF analysis also supports the PCA results, i.e. that 
the surface exposed loops in the upper and side faces of the domain are the most flexible 
regions, with the largest motions taking place in the regions that provided the highest 
contributions to the first three PCs. Besides being indicative of the protein sites with higher 
flexibility, RMSF values can be used to assess the reliability of the sampling obtained via 
molecular modelling simulations, by comparison with B-factors extracted from the 
corresponding X-ray structure. A good agreement can be observed between average 
fluctuations calculated for the simulated MD ensemble and experimentally measured 
deviations, with a R2=0.71. Moreover, also the comparison between the B-factor values of 
the Kelch domain of structurally close KLHL41 and fluctuations calculated from KLHL40 
simulations show a similar behaviour. In the crystal structure of KLHL41 some loops are 
missing, suggesting that they are particularly flexible and can assume different 
conformations; these missing loops correspond to the region of the two long BC loops that 
have high atomic fluctuations in MD simulations.  
The overall convergence between the evidences provided by PCA, RMSF and 
experimental data suggests that our MD conformational sampling is accurate and reliable 
in identifying the regions involved in atomic fluctuations of highest amplitude, thus 
providing a reasonable description of the conformational landscape accessible to the 
protein in solution.  
Once the stability of our simulation was assessed, we turned our attention to the 
identification of the time evolution of the global motions of the propeller, searching for 
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stable conformations and structural transitions that might be physiologically relevant. This 
was done using the TimeScapes method,43 which performs a time-dependent monitoring 
of broken and formed contacts between residues in MD trajectories: the total number of 
changes in contacts over time (defined as the “activity” of the system) is used as an 
indicator to identify and describe significant conformational events in proteins. The 
analysis of the activity profiles during simulation time provided by TimeScapes allows to 
identify basins of minimal activity, corresponding to putative stable states of the protein, 
and to cluster the trajectory in segments that have similar conformational states and 
patterns of intramolecular contacts between residues. We identified 9 segments during the 
evolution of the WT simulation (Figure 2B); the structure of the minima of each 
conformation segment have been identified and used as reference structures for further 
analysis. The protein portions displaying the highest number of broken and formed 
contacts, and therefore providing the major contributions to the transition events and to the 
protein activity, are the two loops BC of blades II and VI, and, to a lesser extent, from 
loops DA in blade I, BC in blade III and CD loops in blades V and VI (Figure 2C). 
TimeScapes analysis therefore complements PCA and RMSF-based conclusions, 
confirming the high mobility of the BC loops. Most of the solvent exposed, flexible regions 
displaying higher fluctuations are located in a protein region, whose corresponding site on 
Keap1 was assigned a key role in the interaction with the partner.50 Keap1 is one of the 
few Kelch protein for which structure/function data are available.51 In KLHL40 (and, most 
likely, in other β-propellers) BC loops fluctuations dominate the dynamics: they are likely to 
be crucial in defining the specific interaction with physiological targets, and changes in 
their structure or dynamics might severely alter the proper KLHL40 functionality, by 
modifying the interaction with physiological targets and thus interfering with the tight 
regulation of the protein degradation pathways. 
Page 13 of 34 RSC Advances
R
S
C
A
dv
an
ce
s
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
29
 M
ar
ch
 2
01
6.
 D
ow
nl
oa
de
d 
by
 C
N
R 
on
 3
0/
03
/2
01
6 
08
:2
3:
46
. 
View Article Online
DOI: 10.1039/C6RA06312H
The NM-associated E528K mutation does not lead to dramatic changes in the overall 
architecture of the β-propeller. 
We then performed molecular dynamics simulations of the E528K mutant of the Kelch 
domain of KLHL40 and compared its behaviour with that of the WT form. As mentioned 
before, E528K is by far the most widely occurring NM-associated mutation in KLHL40. 
Glu528 is located on the C β-strand of blade V (Figure 1A); it is partially exposed to the 
solvent and only marginally involved in the region that seems to be crucial to the 
maintenance of the hydrophobic core of Kelch domain. We introduced the mutation in 
silico in the WT X-ray structure of Kelch domain of KLHL40 and collected overall 500 ns of 
explicit solvent full-atom MD simulations.  
We initially calculated the residue dependent RMSF profile of the mutant along the 
simulation and compared it to that of the WT (Figure S3, ESI). The two profiles are very 
similar, a first evidence that the mutation does not dramatically perturb the overall stability 
and the dynamic signature of the Kelch domain. Further confirmation came from 
monitoring RMSD, radius of gyration, secondary structure content and persistence of 
structural elements during MD simulations: their values are similar for both mutant and WT 
(Figures S1 to S3, ESI), suggesting that, despite the mutation, the overall architecture of 
the β-propeller is maintained. Although the sampling methods and length of our 
simulations would not allow for observing complete unfolding events, we do not detect any 
structural change that would hint that the mutation is associated with events of unfolding, 
nor that extending further our sampling would allow for observation of severe loss of 
secondary and tertiary structure.  
The NM-associated E528K mutation has long-range effects on the dynamics of solvent 
exposed BC and DA loops of the whole propeller. 
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We used the TimeScapes method, using the same approach applied for the WT species, 
to investigate the time evolution of global motions of the mutant and identify major 
amplitude conformational transitions (Figure 3A). We identified 5 segments during the time 
evolution of the simulation, separated by events of high activity, i.e. corresponding to 
significant rearrangements in the intramolecular contacts. Similarly to what was observed 
for the WT, the activity of the Kelch domain of the E528K mutant mostly concerns the two 
BC loops of blade II and VI (Figure 3B).  Moreover, the Glu-to-Lys substitution alters the 
flexibility and enhances the amplitude of the motions of a few selected regions, all located 
in the three terminal blades, that did not display high activity in the WT: the DA loop of 
blade IV (that directly faces the mutation site), BC loop of blade V and the DA loop of 
blade VI. 
 
Figure 3. TimeScapes analysis of time evolution of dominant motions in the E528K mutant of 
Kelch domain of KLHL40 A) The grey profile show the global activity (i.e. broken and formed 
interactions) red and green profiles describe the activity associated with broken and formed 
contacts,  respectively. The structure of each minima is represented as colored cartoon. B) The 
regions of the Kelch domain that provide major contributions to the protein activity measured by 
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TimeScapes are highlighted with shade of color from white (small contribution) to green (high 
contribution).  
To further investigate structural alterations in the E528K mutant, we performed PCA, 
calculated over the main-chain atoms of the proteins, on a “macro-trajectory” obtained by 
concatenating those of the wild type and the mutant forming a single MD ensemble. The 
first three PCs account together for more than 60% of the global motions of the domain: 
therefore, they describe the higher magnitude large-scale motions of the propeller and 
they can be used as essential space for the representation of the differential fluctuations of 
WT KLHL40 and of its mutant. The contour plot, obtained by projecting the macro-
trajectory on the essential plane defined by the first and second PC, shows that the WT 
and mutant species populate two conformational basins with minimal overlap (Figure 4A): 
this means that they have significantly different motions, contributing each to one of the 
identified two states. To identify with higher precision what protein regions have different 
dynamics upon mutation, we calculated the RMSF of main chain atoms along each of the 
first 3 PCs of the macrotrajectory. In this way we could point out the residues that mostly 
contribute to each PC: they are represented with thicker radius, and with colour coding 
ranging from blue (low contribution) to red (high), in Figure 4B. The first PC describes 
motions mainly associated with fluctuations in the BC loops of blade VI, but it also 
comprises motions of loop BC and DA of blade V, loop DA of blade IV, loop BC of blade III 
and loop DA of blade VI. The PCA analysis points out that these are the regions of the 
Kelch domain that undergo major changes in their flexibility between mutant and WT 
during MD simulations.  
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 Figure 4. Dominant motions of the Kelch domain are altered by the E528K mutation. A) 
Bidimensional probability density distribution of the values of PC1 and PC2 (red: high probability; 
blue: low probability). The main different motions between WT and mutant are described by PC1. 
Right panel. Bidimensional plot of the contribution of each simulation (purple: WT; mutant: green) 
to the ensemble defined by PC1 and PC2. B) RMSF of main chain atoms calculated along each of 
the first 3 PCs of the macrotrajectory. The values are represented as shade of colors, from 
blue (low values- low flexible regions) to red (high values – high flexible regions). The mutated 
residue is indicated by a yellow star. 
The high-magnitude motions of loop BC of blade VI can possibly hide differences, induced 
by mutations, in the dynamics of other regions of the Kelch domain:  we then performed 
PCA considering separately each of the six blades of the Kelch domain. This allows us to 
look for changes, in the dynamics of β-propeller, investigating blade by blade, and see 
what subdomains are mostly affected by the mutation. The corresponding probability 
density contour plots and projection of the trajectory along the first PCs are shown in the 
SI: the main outcome of this analysis is that the fluctuations of blades II and III are similar 
in WT and mutant, while different conformational basins can be observed for blade I, blade 
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IV, blade V and blade VI, suggesting that the introduction of the mutations in the blade V 
has not only local effects but also long-range downfalls on the flexibility of other distant 
protein sites. 
The E528K mutation has short-range effects in the H-bond network and electrostatic 
interactions  
Besides these long-range effects of the mutation, local effects on the flexibility of the 
protein region in the proximity of the mutation (i.e. the whole blade V, which contains the 
substituted residue 528) could be observed. To better investigate the local alterations 
associated with E528K mutations we used the PyInteraph suite of tools,46 which allows 
calculating networks of weak intramolecular interactions from conformational ensembles of 
proteins, by monitoring distances and geometries of atomic contacts. Such interactions are 
represented by a weighted graph, composed by nodes (residues) and edges (interactions 
occurring between the residues). We compared WT and mutant in terms of occurrence 
and persistence of three intramolecular interactions: hydrogen bonds, hydrophobic and 
electrostatic interactions. The results are mapped in Figure 5. 
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 Figure 5. Networks of non covalent intramolecular interactions in the Kelch domain of WT (top, 
purple) and E528K mutant (bottom, green) of KLHL40. Hydrogen bonds are displayed in a lateral 
protein view; A: WT, D: mutant. Hydrophobic (B: WT, E: mutant) and electrostatic interactions (C: 
WT, F: mutant) are displayed from a top view. Only interactions with a minimum persistence of 
20% during simulations were considered. Contacts are represented as sticks and the Cα of the 
residues involved in the interactions as spheres. The thickness of the sticks is proportional to their 
persistence during simulation time. The mutated residue is indicated by a yellow star. 
The WT form of the Kelch domain is characterized by large network of highly persistent H-
bonds (Figure 5A) that comprises all the blades and is important for the structural stability 
of the secondary structures of β-sheets and of the β-propeller architecture and 
functionality. Glu528 is involved in a network of hydrogen bonds principally with Arg500, 
Thr498, Gln184 and Met496. After the introduction of the mutation, the large majority of 
the high persistence hydrogen bonds are maintained, but all the hydrogen bonds involving 
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the residue 528 are lost (Figure 5D). We then turned our attention to hydrophobic 
interactions, which generally play an important role in the stabilization of the protein core 
and in the maintenance of the proper 3D structure.52,53 Our analysis shows a wide and 
highly stable network of hydrophobic interactions that are conserved both in the WT and in 
the mutant (Figure 5B and 5E, respectively). As for the electrostatic interactions, we 
observed several persistent salt bridges in both WT and mutant simulations (Figure 5C 
and 5F, respectively); the analysis of the WT also shows highly persistent (70% of 
simulation time) salt bridge between Glu528 and Arg500, which disappears upon mutation. 
The E528K mutation alters the communication between the propeller blades 
So far, we have seen that the E528K NM-causing mutation leaves the overall fold of the 
propeller substantially unaltered, but it leads to a few, though important, structural local 
modifications (alteration of H-bonds network and electrostatic interactions), resulting in 
changes in the dynamic features of the molecule even in regions that are rather far from 
the mutation site. These findings suggest that the effects of the mutation somehow 
propagate themselves along the Kelch domain, most likely affecting the internal 
communication between protein subnetworks, which is known to be crucial to the allosteric 
regulation of a protein activity and, more generally, to the proper fulfilling of the 
physiological task of each biomolecule54–56. To shed light on the effects of structural local 
changes on the concerted motions of the whole domain, we performed network analysis 
using the tools included in both PyInteraph and Bio3D suites.44,57 Both methods are 
inspired by the graph theory and they are based respectively on the analysis of distance-
based contacts between atoms in proteins and cross correlation matrix (CMM). Figure 6A 
displays the CMM calculated via Bio3D; in the CMM, blue and pink spots identify 
correlated (i.e. moving along the same direction) and anti-correlated (moving along 
opposite directions) regions, respectively. Together with each matrix, the CMM values 
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have also been plotted on the corresponding three-dimensional structure, to help the 
reader grasping the effects of the mutation on the internal correlations. In the WT, there 
are five 5 areas of significant positive correlation (roughly spanning residues 350-400, 410-
460, 450-510, 500-550, 540-600) that correspond to the blades II to VI of the domain. 
There is dense communication and high correlation within the same blade, each behaving 
like a small subdomain. In the E528K, although five areas of positive correlation can still 
be identified, one can also see changes in the correlation within blade V and, most 
importantly, significant correlation between blades, and in particular between blade V, that 
carries the mutation, and blades IV and VI. This result suggests that the mutation alters 
the coupling of the motions in the blade V, which loses its identity as a small subdomain, 
altering also its communications with other blades.  
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Figure 6. Long range conformational changes associated with E258K mutation. A) Cross 
Correlation Matrix (CMM), calculated with Bio3D, for WT (top) and E528K (bottom); turquoise: 
residues with highly correlated motions; pink: residues with anticorrelated motions.  In the 3D 
reprsentation superimposed on the plot, correlated residues in the range of 0.25-1.0 values are 
represented as red sticks. Residues numbering is 1 to 309, corresponding to residues 314 to 622 
in the mature protein. B) Network analysis of the weak intramolecular interactions (hydrogen 
bonds, hydrophobic and electrostatic interactions) for WT (top) and E528K (bottom), calculated 
using the PyInteraph suite. The two biggest populated sub-networks for the WT (top, purple 
spheres) and E528K mutant (bottom, green spheres) are shown. The interactions involved are 
represented as white sticks. The mutated residue is indicated by a yellow star.  
To investigate how far the perturbations induced by the mutation can affect the network of 
intramolecular contacts, we calculated the sub-networks (or connected components) in the 
protein structure graph (Figure 6B). These are groups of residues, in which all the nodes 
are linked by at least one edge with the other nodes in the sub-network, but no 
connections exist between the nodes of the connected component and the rest of the 
graph. This analysis allows identifying protein regions that have strong internal 
communications. Although WT and mutant Kelch domain in the respective MD ensembles 
have a similar number of sub-networks (11 major sub-networks were identified for both 
species) their composition is very different. In the WT the main sub-network (i.e. the sub-
network composed by the highest number of nodes) comprises residues from all the 
blades and describes contacts all over the beta propeller. These results suggest the 
existence of a global network of structural communication between the blades inside the 
Kelch domain. On the contrary, in the mutant the network of contacts between the blades 
is split in two major sub-networks: the main one comprises residues from blade I, II, III and 
IV and only communicates with few residues in blade V and VI, including the mutated 
residue 528. The second main sub-network in the mutant Kelch comprises residues from 
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blade V and VI, with only a few connections with blade III and I. These evidences point out 
that the mutation strongly affects the local contacts, causing alteration in the network of 
communications within blades V and VI and between these two sub-domains and the 
whole propeller: the propeller loses its nature of a whole, complex and unique sub-
network. 
Globally, the correlation and network analyses suggest that in the WT Kelch domain there 
is dense communication and coupled motions within each blade and concerted motions 
and contacts between the blades of most likely functional importance. The mutation 
modifies the contacts involving the whole blade V, and also long-range communication and 
tight coupling with other blades.  
Glu528 is a hub in the correlated motions of the whole propeller and crucial to its 
functionality 
We then turned our attention to the identification of the hub residues, which are defined as 
highly interconnected residues in protein structures (i.e. residues connected by more than 
three edges to their neighbours). Hub residues have been suggested to be central in the 
structural communications inside the protein and important for the maintenance of the 
secondary structure and protein fold.48,58 Therefore, significant changes in the number and 
location of hub residues in a protein, e.g. induced by a mutation, is likely to underlie 
dramatic changes in the protein concerted motions, that are crucial for a biomolecule to 
fulfil its physiological task. Our calculations show that the total number of hub residues is 
similar in WT and E528K variant (97 and 93, respectively), but some important differences 
can be observed (Figure 7).  
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 Figure 7. Hub residues in the Kelch domain of KLHL40. The hubs are displayed as coloured 
spheres; blue: hub residues that are common to the WT and mutant; green: residues that are 
predicted as hubs only in the E528K mutant; purple: residues that are predicted as hubs only in the 
the WT.  
Probably, the most important one is that Glu528 is identified as a hub in the WT but not in 
E528K: this implies that the NM-associated mutation is located on a site of fundamental 
importance to the protein dynamics. Moreover, four more residues located close to the 
mutation site in blade V and IV (Ala494, Thr498, Met496 and Trp537) are also predicted 
as hubs only in the WT.  
The mutation induces changes in the surface electrostatic potential, with potential 
downfalls on the interaction with physiological partners. 
Once we had identified local and long-range downfalls of the NM-causing mutation, we 
tried to correlate alterations at the structure/dynamic level to changes in physico-chemical 
properties that would impact on the protein functionality. The main role of the Kelch 
propeller is to bind a number of different (in most cases, yet to be identified) substrates to 
mediate (or, in some cases, prevent from) their degradation. The surface properties of the 
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Kelch proteins with available structural data are known to be highly diverse:7 one of the 
features displaying large differences between family members is the surface electrostatic 
potential, that is known to play a major role in a number of intermolecular interactions in 
biological systems.59–64 For Kelch proteins, the high variability of surface electrostatic 
potential was suggested to be the key to the wide diversity of substrates with which they 
interact. We calculated the surface electrostatic potential for representative structures of 
both the WT and the E528K mutant (Figure 8): the surfaces of two species display 
markedly different electrostatic properties.  
 
Figure 8. Electrostatic potential mapped on the molecular surface of WT (left) and E528K mutant 
(right). Potentials less than −5 kT/e are coloured in red, and those greater than +5 kT/e are 
depicted in blue. The mutated residue is indicated by a yellow star. 
As could be expected, based on the mutation of a negatively charged residue with a 
positive one, there is an increase of the region of positive potential, but these differences 
extend way beyond the mutation site, indicating a significant rearrangement of the surface 
charges. This mutation-induced change is most likely to be a key determinant in the 
altered interaction of KLHL40 with its partners.  
Conclusions 
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In this paper, we have investigated the dynamics of the β-propeller of WT human protein 
KLHL40, and we have unveiled the concerted motions and internal communication 
networks underlying its physiological activity. We compared the WT dynamic signature 
with that of the E528K variant: we found that the substitution does not lead to complete 
unfolding, but it alters a number of interactions among residues in close proximity to the 
mutation site. Moreover, long-range effects on the protein dynamics can be observed, 
meaning that the structural modifications induced by the mutation propagate along the 
structure unbalancing the dense communication within and between blades and affecting 
the concerted motions that are crucial for the protein dynamics.  Our results unveil the 
complex network of interactions, conferring stability and functionality to the β-propeller, 
which is most likely general to other members of the Kelch superfamily. Moreover, as we 
found that upon NM-causing mutation there is no dramatic loss of protein architecture or 
stability, our molecular investigation might constitute a starting point for the rational design 
of drugs targeting KLHL40 malfunctioning under pathological conditions, to reset the 
system to its proper dynamics/function relationship. In particular, the comparison of the 
communication pathways under physiological conditions (WT) with those altered by the 
mutation will allow for the identification of crucial sites to be addressed, after careful 
evaluation of their druggability. Rational design of small oligopeptides or drugs might be 
then carried on extracting representative structures sampled and selected within our 
simulations.  
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The nemaline myopathy-associated E528K mutation in the KLHL40 alters the 
communication between the Kelch propeller blades 
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